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EFFECT OF LARGE-AMPLITUDE OSCILLATIONS ON HEAT TRANSFER 1 

By CHARLES E. FEILER and ERNEST B. YEAGER 

SUMMARY 

The heat transfer from a heated $at plate to an 
airstream having large-amplitude jlow oscillations 
or a high degree of free-stream turbulence was 
studied. The frequency of the oscillation was 
varied from 34 to 680 cps at root-mean-square $ow 
amplitudes of as much as 65 percent of the mean 
flow rate. For both oscillatory and turbulent jlows, 
the heat-transfer coejicient was larger than that 
predicted by established relations in the literature. 
The hTusselt number with oscillations was as much 
as 65 percent larger than that with the wjerence flow 
at the same Reynolds number. The Nusselt number 
was correlated by a function of the Reynolds number 
and the ratio of the root-mean-square amplitude of 
the velocity excursions to the mean flow rate for 
both kinds ojflow. 

No e$ect of oscillation jrequency was observed 
that could be attributed solely to frequency over the 
range that frequency was varied. Schlieren studies 
of the thermal boundary layer revealed that flow 
reversal occurred near the plate surface at each 
frequency and also that the temperature proJle 
followed a periodic behavior. The time-averaged 
value of the thermal-boundary-layer thickness (given 
by the distance at which the temperature gradient 
attained a prescribed value) varied inversely with 
the Nusselt number. 

Although, in the oscillatory flow, the oscillations 
had a deJnite periodicity while, in the turbulent 
$ow, the oscillations were strictly random, the 
mechanism by which heat transfer was increased 
appeared to be the Same in bothJEows. The mech- 
anism appeared to be associated with turbulence and 
the transfer of energy from the free stream into the 
boundary layer. 

1 The information presented in this report was offered b y  Dr. Charles E. 
Feiler as a thesis in partial fulfillment of the requirements for the degree of 
Doctor of Philosophy in Physical Chemistry, Western Reserve University, 
Cleveland, Ohio, September 1961. Professor Ernest B. Yeager was faculty 
advisor. 

INTRODUCTION 

In recent years there has been a growing interest 
in the effects of flow oscillations and sound waves 
on momentum and energy transport phenomena. 
It has been observed generally that oscillations of 
sufficient intensity are capable of altering the 
rates of these transport processes, presumably by 
virtue of the nonlinear nature of the interaction. 
Both forced- and natural-convection effects have 
been studied in the literature. With natural con- 
vection, steady flows called acoustic streaming 
flows may be produced in the vicinity of the body, 
which may result in an increase in the heat- 
transfer rate. An analysis of this case has been 
made that predicts the critical sound-pressure 
level necessary to increase the heat-transfer rate 
(ref. 1). Large bibliographies pertaining to 
acoustic streaming and heat t,ransfer may be 
found in references 2 and 3. 

As the net flow velocity is increased, streaming 
flows become negligible with respect to the overall 
velocity, and the mechanism by which the heat- 
transfer rate is increased is different. An analysis 
of the effects of free-stream oscillations on 
boundary-layer flow indicates that the boundary 
layer behaves qualitatively the same as it does in 
the presence of free-stream turbulence (ref. 4). 
Other theoretical analyses of the effects of oscilla- 
tions on boundary layers have demonstrated that 
the skin friction and heat-transfer rate undergo 
phase shifts with respect to the free-stream oscilla- 
tion (refs. 5 and 6).  I n  general, these analyses 
predict little change or even a decrease in the heat- 
transfer rate presumably due to the small ampli- 
tude to which they are necessarily restricted. 

Experimentally, it has been found that oscil- 
lations superimposed on the mean flow produce 
an increase in the heat-transfer rate for several 
different test systems in both air and water (refs. 
7 to 13). In general, the increase in the heat- 
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transfer rate has been found to depend oil the 
velocit3- amplitude rather tliaii the pressure 
amplitude. In sollie cases the increase also 
depended on the frequency. The correlations 
that have been obtained are largely empirical. 
I n  view of the wide variety of flow conditions 
that are possible, i t  appears that  considerable 
work will be required to consolidate the physical 
laws governing these phenornena. 

It was the purpose of this investigation to 
examine the heat-transfer process from a simple 
body to an ai1*streaiii having a large-amplitude 
oscillation superimposed on it. Accordiiiglj-, a 
flat plate was selected, and its rate of heat transfer 
\vas measured in an oscilltiting flow. Qualitative 
studies of the boundary layer on the plate were 
macle by the schlieren technique. From the 
experimental results, a correlation of the heat- 
transfer coefficients with flow parnnieters mas 
obtained, which indicates the parameters of im- 
portance and the tleperidence of heat-transfer 
coefficient upon theiii. 
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0 without oscillations 
rm P root-mean-sq u:m 
Superscript : 
(- ) time-averaged value 

APPARATUS 

The object of this work was to investigate ex- 
perimentally the effcct of flow oscillations on 
forced-convection heat transfer. Because of the 
relatively large steady-stntc flow velocity planned, 
i t  was anticipated that very high sound levels 
would be necessary to influelice the heat-transfer 
rates appreciably. A review of the literature for 
~ncthods of producing such Icvels indicated that 
the siren offered thc best means of achieving this 
god. The siren also affords an easy way to vary 
thc frequency of sound ovcr a wide range. 

For the tcst specimen a flat plate was selected. 
The flat plate appcarcd to have a simpler flow 
field than a cyliiider a n d  was more t~daptithle to 
visual boundary-layer studies than the boundary 
layer in pipe flow. 

Finally, since it was expected that velocity 
aniplitudc, rather than pressure amplitude. mould 
be the most iiiiportaiit paraincter affecting heat 
transfer, the hot-wire aneInoiiieter was selected 
for inetisuring the flows. The hot-wirc aneniom- 

cter has an upper frequency response of the order 
of 50,000 cps and is thus capable of measuring 
instantaneous flows ovcr a considerable range. 

SIREN 

The siron uscd to produce the oscillations is 
shown in figures 1 and 2 .  The siren stator has 
20 ports, and the rotor has 20 matching blades. 
Thc rate of change of port area is linear, aiid there 
is no dwell timc in thc lully open or fully closed 
positions. Thc downstreanl or outlet side of the 
stator was designed with a splitter platc between 
each port and a spinner in the center hub section. 
These mere intended to minimize the losscs in 
sound power due to turbulence gcneratioii caused 
by the sudden expansion of thc flow on passing 
through the ports. 

It was considered desirable to have the effective 
area, of tlie siren as large as possible to eiisiirc 
that  the sound waves would be plane-fronted. 
Also, tho larger this area is, tlic smaller is the re- 
duction in sound power duc to expansion into the 
duct. Thc area. of each port was nbout 1 square 
inch so that thc total area was 30 square inches 
or 0 4 of the duct cross-sectional area. The out- 
side diameter of the ports was equal to the inside 
dianictw of the duct.  

r F l a n a e  mount 

')See detail ( f ig.  I ( b ) )  

. / - S ~ l i t t e r  Dlate 

0.004" - 0.186" 

,?Spinner 

LBearing 
, L 

Bearing 

u 
0 I 2 3 

In. 

(a) Cross section. 
FIQURE 1.-Siren detail. 
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/ /  -7 
,/ 8.25" Dicm. 

Rotor Stator 

(b) Rotor and stator detail. 

FIGURE 1.-Concluded. Siren detail. 

FIGURE 2.-Siren assembly. 

Clearance between the rotor and stator was 
adjustable by means of a vernier thread from 
0.004 to 0.186 inch. The outside diameter of the 
rotor was 0.25 inch larger than the outside diam- 
eter of the stator ports. In  this way an air-film 
bearing was provided at  the circumference of the 
rotor, making contact with the stator difficult. 
The rotor was belt-driven by a )<-horsepower 
direct-current compound motor rated a t  1700 rpm. 
By controlling the voltage applied to the shunt 

field and armature windings of the motor, it  was 
possible to vary the speed from 100 to 2400 rpm 
corresponding to oscillation frequencies from 34 
to 800 cps. 

FLAT PLATE AND HEATING CIRCUIT 

A sketch of the plate is shown in figure 3. The 
body was constructed of Bakelite with a sharp lead- 
ing edge and was 0.5 inch thick, 6 inches long, and 
4 inches wide. Nichrome ribbons 0.002 inch thick, 
0.5 inch wide, and 3 inches long were mounted 
transversely and flush on the upper surface 
of the plate. The five ribbons were spaced 0.06 
inch apart starting 1 inch from the leading edge. 
The plate extended 0.5 inch beyond the ends of the 
ribbons. All the power leads and thermocouple 
leads were contained in the body of the plate and 
its mount. Five No. 36 B. & 5. gageiron-constantan 
thermocouples were spotwelded to the lower 
surface of each ribbon at the center and at dis- 
tances of 76 and 1 inch on either side of the center. 
Two thermocouples were also placed on the lower 
surface of the Bakelite a t  a known distance from 
the upper surface. The thermocouples were a11 
referenced to a free-stream thermocouple by means 
of a multiposition switch. In  this way only tem- 
perature differences were measured. The thermo- 
couples were calibrated against a standard, and 
their sensitivity value was corrected accordingly. 

A low-voltag-e alternating current was used to 
heat the Nichrome ribbons. The electrical cir- 
cuit, shown in figure 4, was duplicated for each 
ribbon. The power dissipation in the heat'er rib- 
bons was calculated from measured values of the 
current and resistance. The current was obtained 
by measuring the voltage drop across a resistor 
in series with the heater. The resistances of the 
heater and series resistor were measured with a 
double Kelvin bridge to within 1 X ohm or 1 
percent in the case of the smallest resistance. 
The temperature coefficient of resistance of Ni- 
chrome is small, and for the temperature range 
of these experiments, variation of the resistance 
of the heater was negligible. 

FLOW SYSTEM AND TEST DUCT 

The flow system used in the experiments is 
shown schematically in figure 5. The duct was 
constructed of 8-inch-nominal-diameter seamless 
steel pipe. Air from the room was pulled through 
the siren and into the duct by an exhauster facil- 
ity. The Aow rate was controlled by a large 
butterfly valve in conjunction with asmaller butter- 
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FIGURE 4.-Heatcr circuit. 

fly valve located in the bypass line. A large coni- 
mercial in-line muffler was installed just down- 
stream of the test section in an effort to absorb the 
sound waves and thus prevent or minimize reso- 
nant conditions. 

The test section was located about 5 feet from the 
siren. Optically flat glass windows were inoun tcd 

i n  this section to perinit optical studies of the 
boundary layer. The windows were 2 inches high 
iind 6 inches long. Provision was also made at 
several locations along the duct for the introduc- 
tion of instrumentation into the flow field. 

The entire siren unit was enclosed in a wuoden 
box having a volume of about 30 cubic feet. All 
the air entering the duct was filtered through 
several layers of fiber glass that  were mounted 
over the entire end of the wooden enclosure. It 
was found that the filter was necessary to remove 
dlrt aiid dust particles that, interfered with the 
proper operation of bhe hot-wire anemometer. 
The enclosure also provided some reduction of the 
sound levcl in the room. 



~ 

TECHSICAL I<ICPORT 1t-14 2-SATIOSAL .! EltOKAUTICS AKD SPACE ADMINISTRATION 

'Dr ive instrumentot ion 1 
,' ( f ine  control)  motor 

/ 
I Wlndowed test 

HOT-WIRE ANEMOMETEH AND C0NI)ENSER MICHOPHONE 

The priiii:irj- iiieiisureiiieiit of flon rate wiis ~ i i n d r  

with a const i i  ti t-t eriipmi t ure 110 t -wire :iiici 1 1  01 I ieter 
(rcf. 14). This instrumelit h i s  rccrived niiich use 
in tlic study of turbrilcnt flows ant1 sceiiis idcdly 
suited for iiic;isuriiig tlie large oscillating flows of 
this expc>riliiclit. Since velocity, rntlicr than 
prwsure :itiiplitude, was expected to mcr t  the 
1ii:ijor influerice on lieat transfer, i t  seemed highly 
dcsirnble to ~neasu rc  tlie vclocity niiiplitude 
dircctly, rather than indirectly t lirough pressures. 

T h e  wircs usrd iii tlie present work were tung- 
stcti. 0.0002 inch in chtiicter arid 0.080 inch long. 
7'11~ probe mas insertcd into the flow ficltl such 
tliiit the axis of the wire was nornid to tlie flow 
cliroctiori :itid the surface of the plate. Tlic hot 
\vir(' wiis cxlibratetl against a Pitot-static tubr 
o v ~ r  the r:ingc of flow rates of interest both beforr 
: i i i t l  iiftrr ciicah series ol' runs. Tliis procedure was 
followed to cnsure :ig:iiiist possible shifts in the 
ciilihratioii curve such :is are coninlonly caused by 
dirt  accumulation on t l i c  wire. 

,111 Altcc-Lansing 21BR-220 condensrr iiiicro- 
phone \\-:-as used to nic~:isure pressure oscillations. 
Tliis microphone litis :I clitiplirqiii 0.5 inch iti 
di;itiietcr :i i i( l  a flat frequency response frotii about 
10 to 10,000 cps. Tlie output of the inicrophonc 
wis recordetl on an oscilloscope and :I true rnis 
voltmeter. The iiiicrophone WIS iiiountetl flush 
with the inside surface of the duct. 

SCHLIEREN SYSTEM 

Conventional system.-The ~(~lilieren .;?-steni 
wis of the tn-in-mirror type :ind could be iitlnptcd 

to Iiigh-speed photography. I,ight €roiii IL type 
I3116 merciirj- liiiiip in coiijuiivtion with a con- 
tlrnsing lens was used to illuiiiiiii~te i~ slit 0.010 
inch wiclc and 0.5 iiich long that served as the 
source. Tlic sclilicrcn iiiirrors were spherical, 
were 6 inches in tli;itiictcr, t i i i t l  litid H &foot radius 
of curv:iturc. K i th  this syatrti1 photographs of 
0.l-second exposure were obtained in which thc 
1)oundnry-l:iyer tlistiirhances were time-averaged 
over several cj-clcs of the flow oscillation. High- 
speed motion pictiires were made with n 16- 
millimeter split-fr:itiic camera positioned brhind 
the kriifc edge. The framing riite of the camera 
was i o00  to 8000 fr;imcs per scconcl. 

Modified system.-The schlieren systeni ordi- 
narily indicates refractive index gradients by 
changes in the light intensity on the viewing 
scrccn or film. By inenns of the Thovert- 
Philpot-Svcnsson inclined slit, method (ref. 15), 
tlie sclilieren appiirti tus may be modified so that 
the gradients are indicated by it tlisplncciiierit of 
light rather tliaii :L change iii intensitv. Tlie 
tiiodified system is shown functionally in figure 6, 
where the schliercii iiiirrors 1i:ivc hec.n rrp1:icetl 
lq- lenscs for clarity. 9 liorizoiital slit of 0.003- 
iuch idtli, il1uiiiiii:ited :is clcscribcd iii the prc- 
vious section, mas used as tlie source. I l i e  knifc 
edge w:is replaced by a wire of 0.02-incli diameter 
placet1 :at a 4.5' aiigle from tlie horizontal :uid in 
the  plane pcrpendiciiliir to t l i c  optical asis of tlic 
schlieren system. I n  addition to the c:iinern lens, 
:L plnnoconves cylindrical lcris with its axis verti- 
cal w:is mounted in the itii:iging system. An 
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image of the source was projected onto the in- 
clined wire, and an image of the test plate was 
projected onto the film plane but only in the verti- 
cal direction because of the cylindrical lens. 

The cylindrical lens serves to focus the plane 
containing the inclined wire and the image of 
the light source onto the film plane, but only in 
the horizontal direction. If no refraction occurs, 
the light intercepted by the inclined wire appears 
on the film plane as a vertical line bounded on 
each side by light from the image of the source. 
In  the presence of a refractive index gradient a t  a 
point, on the model, a corresponding point on this 
line is displaced by N. distance proportional to the 
gradient. Referring to figure 6, a t  the inclined 
wire, 

Ay=Bf=Ax tan (Y (1) 

where Ay is the vertical displacement of a fan of 
light rtiys, e is the angle of refraction,J is thc focal 
length of the schlieren lens, Ax is the horizontal 
displacement of the interception point of the wire 
and the fan of light rays, and (Y is the angle of 
inclination of the wire. At the film plane there 
results 

D=mAx (2) 

Schlieren 
lens 

n 

where m is the magnification factor of the lens 
system. The angle of refraction 0 may be ex- 
pressed as a function of the refractive index 
gradient and the distance of the disturbance along 
the optical path: 

dn e=L- 
dY (3) 

where i t  is assumed that the gradient is perpen- 
dicular to the wave front and has a constant value 
along the optical path L. Combining these rela- 
tions gives 

or 

where 

dy f L m  (4) 

As indicated in equation (6), the system may be 
calibrated simply by moving the wire through a 
known distance Ay relative to  the unrefracted 
light and measuring D in the film plane. This 
was accomplished by attaching the wire to t,hc 

Schlieren 
lens 

Cylindrical 
IensT! :Horizontal slit Diagonal 

I source 
I ----- 
Y 

‘-Camera 

< _ -  - f f plane 

Refracted 
light pencil-,,, yb:$, a? 

Unrefracted ‘\ 

light pencil-., 

 diagonal t 
wire stop 

FIGU RE 6.-Inclined-slit 

Camera image 

m = b /a  IGl D = m A x  
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/ /  
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micrometer screw feed of the knife-edge mounting. 
High-speed motion pictures were possible with 
this system also. 

I 
PROCEDURE 

GENERAL 

With the siren locked in the fully open position, 
a flow was established in the duct, and the power 
to each ribbon was adjusted until the temperature 
of all ribbons agreed within f 2  percent. Upon 
achieving this condition, the Variacs regulating 
the power to the ribbons were never changed so 
that all tests were conducted a t  the same heat- 
input rate. 

A period of about 20 minutes, as determined 
by experience, was required a t  each flow rate to 
permit equilibrium to be reached. The thermo- 
couples and power were then monitored for a 
20-minute period with readings taken every 5 
minutes. At the same time, pictures of the oscil- 
loscope display of tlie hot-wire and microphone 
signals were taken. In  this fashion, data. points 
were obtained a t  e:\cli of a series of flow rates. 

The same procedure was followed with oscil- 
lating flows. The desired oscillation frequency 
was obtained by adjusting the voltage to the 
siren motor while observing the Lissajous patterns 
on the oscilloscope. The Lissajous patterns were 
obtained by feeding the output of a calibrated 
audiofrequency generiitor into the x-axis and tlie 
microphone and hot wire each into the y-axis of 
a two-beam oscilloscope. 

To evaluate the effects of frequency and 
atnplitude individually on the heat-transfer coeffi- 
cient, a frequency was selected and a series of 
points were taken a t  various amplitudes. Am- 
plitude was varied by changing the spacing 
between the rotor and stator of the siren. The 
siren spacing was then fixed, and frequency was 
varied. For bot,h cases SL series of flow rates was 
used to evaluate the effect of mean flow rate. 

I 

I 

I 

REDUCTION OF DATA 

Flow rate and pressure.-The microphone and 
hot-wire signals were displayed on the screen of 
a dual-beam oscilloscope and photographed on 
35-millimeter film. It was not possible to rely 
on voltage-averaging meters to obtain the average 
flow rate and amplitude because of the nonlinear 
relation between flow rate and hot-wire voltage. 
Such methods are applicable only when the flow 
fluctuations about the mean are small. There- 

fore, instantaneous flow rates were computed a t  
a number of times during a period of oscillation. 
I n  this way 10 to 16 cycles a t  each flow condition 
were averaged to obtain a curve representing one 
cycle of the oscillation. The time-averaged or 
mean flow was then computed according to the 
equation 

(7 )  

where X is the period of oscillation. The devin- 
tion of the flow from tJhe mean value was charac- 
terized by the root-mean-square amplitude defined 
b -  the equation 

1ntegr:ition was performed graphically in both 
coriipu tations. 

The microphone output voltage is a linear 
function of pressure so tliut root-mean-square 
pressure amplitudes were computed from the 
root-mean-square voltage indicitted by a. Bnl- 
lantine True R.M.S. Voltmeter Model 320. This 
eliminated the need for the laborious graphical 
procedures that were required for flow rate deter- 
minations. The microphone was calibrated by 
means of a General Radio Company Type 1552-B 
Sound-Level Calibrator, which delivered a 121- 
decibel (re. 10-16 w/sq cm) pressure level a t  400 
cps to the microphone. 

Heat-transfer coefficient.-The heat-transfer eo- 
efficient, to the airstream was computed from the 
measured power input to the ribbons corrected 
for measured conduction losses and the temper- 
ature difference between the ribbons and the air- 
stream. Uniform heat generation in the ribbons 
was assumed. At equilibrium, the heat balance is 

pgefl=pcoflo+ gcond+ grad (9)  

where the terms refer to the various mechanisms 
by which the heat may be dissipated. The 
radiation heat loss qrad was negligible for the 
temperature involved, even when blackbody 
emissivity was assumed. 

Conduction losses were considered along all 
three axes of the plate. In  the direction of flow, 
the plate was essentially isothermal so that heat 
flow in this direction was negligible. In  this 
connection, the first and last ribbons were guard 
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heaters, and the conduction losses from them to 
the unheated portions of the plate were not 
considered. 

In  the lateral direction, across the surface of the 
plate, the heat conduction loss was calculated 
from the temperature difference measured by 
thermocouples located a t  a known distance from 
the center thermocouple. This loss amounted to 
less than 1 percent of the heat generated. 

The major heat loss, amounting to about 10 
percent of the heat generated, occurred by con- 
duction to the lower surface of the plate. This 
loss was computed, as in the previous case, from 
direc,t measurement of the temperature drop 
through the body of the plate. 

With the heat loss correction accounted for, the 
convective heat-transfer rate was calculated by 
difference according to equation (9). Finally, the 
convective heat-transfer coefficient given by 

Q?”n 1’ B tu h=- - N A 1  (hr) (sq ft,) ( O F )  

wi~s calculatcd, where A is tlie area of the exposed 
surface of the ribbon and A T  was measured be- 
tween thc ribbon and the airstream. All values 
of AT were obtained from nie:isurements with ti 
Rubicon potentioinctcr ttnd ail external moving- 
light beam galvanoriietcr to the nearest slide wire 
division or within about 0 . 3 5 O  F. 

The heat-transfer coefficient wits expressed in 
dimc.nsionless form by the Nusselt iiuniber 

hx 
k Nus=-- 

where x is the distance from the leading edge of 
the plate to the center of a ribbon and k is the 
thermal conductivity of air. 

EXPERIMENTAL RESULTS 

REFERENCE FLOW CHARACTERISTICS 

Velocity profile in duct.-The inlet configura- 
tion of the duct was somewhat unusual because 
of the siren. I t  was desired that the reference 
flow condition should duplicate the oscillating 
flow as closely as possible with the exception of 
the oscillations. Therefore, the siren was left on 
the duct in establishing the reference flow, and 
the rotor was locked in place with the ports fully 
open. The velocity profiles across the duct for 
the reference Bow were flat within about f 5  

percent up to 1 inch from the duct wall. These 
profiles were measured with a Pitot-static tube. A 
slight minimum in the profiles occurred a t  the 
centerline of the duct because of the “shadow” 
cast by the hub of the siren. 

Turbulence properties.-The major distinguish- 
ing feature observed for the reference flow was 
its intensity of turbulence. Over the range of 
flow rates studied, the free-stream turbulence 
intensity ranged from 9 to 10 percent. This was 
considerably higher than generally encountered in 
wind tunnels; however, i t  was not unexpected be- 
cause the siren ports could function as turbulence 
generators much like a grid or coarse mesh screen. 
To examine the reference flow further, the fre- 
quency spectrum of the turbulence was deter- 
mined. The hot-wire signal was fed into a 
harmonic analyzer having an effective bandwidth 
of 4.5 cps and a frequencl- rarigc of 20 to 16,000 
cps. The resulting energy-frequency distribution 
is shown in figure 7. For comparison, the spec- 
trum froin a tunnel having the usual flow-generated 
turbulence is also shown (ref. 16). The free- 
stream vclocitg associated with the comparison 
curve is 45.5 €eet per second, which is near the 
midpoint of the velocity range covered in the 
present experiments. The two curves are quite 
similar, the only difference being a possible shift 
of the turbulent energy to a somewhat lower 
frequency range in the present work. The addi- 
tional energy in the low-frequency range may be 
explained by the relatively large size of the “grid- 
like structure” of the siren. Because of its size 
it should be expected that tlie eddies from the 
siren are large and are shed at low frequency. 
Such is the case in the analogous situation of 
vortex shedding from a cylinder. 

OSCILLATING FLOW CHARACTERISTICS 

As mentioned previously, the duct incorporated 
a large acoustic muffler to obtain a traveling wave 
system rather than a resonant system. As will 
be shown, the resulting wave system shows char- 
acteristics of both systems but appears to be 
more closely related to the traveling wave system. 
In  figure 8, the instantaneous time variation of 
pressure arid flow rate is represented a t  several 
frequencies by the oscilloscope traces of the micro- 
phone and hot-wire signals. These data were 
obtained a t  the test section in the free stream. 

A considerable amount of distortion was ob- 
served in the waveforms as a consequence of the 
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FIGURE 7.- Turbulent energy-frequency spectrum.

105

high sound-pressure htvels. An approximate har-

monic analysis of the waveform at a low and a

high frequency indicated that from about 4 to 12

terms of the complete Fourier sine-cosine series

were needed to approximate the waveform. The

larger number of lerms applies to the higher
frequency. It was also observed that flow re-
versal occurred in the free stream at some fre-

quencies. The region of flow reversal corresponds
to the small peak around the minimum in the

hot-wire signals obtained at 46 and 148 cps. The
positive direction indicated by the hot-wire

signal is due to the fact that the wire does not

sense flow direction, and thus the sigmfl is recti-

fied. On comparing the pressure and flow rate

signals it was observed that pressure varied in
phase with respect to the flow rate. That is, the

time of the pressure minimum occurred a( th(:
time of minimu)n flow rate.

It, was found that frequency was not contin-

uously variable except at flow rates considerably

less than those actually used in the experiment.

The reason for this behavior was probably due to

some mode of resonant coupling between the duct
and the siren. The siren was found to lock-in on

certain frequencies, which were used in the experi-

Microphone
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pV

1
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FmvR_ S Oscillograph traces of microphone and hot-wire signals.
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ment. In  order to evaluate the degree of reso- 
nance present, i t  was necessary to measure the 
standing-wave ratio of the sound field in the duct. 

The standing-wave ratio was not measured 
exactly because of the difficulty of traversing the 
duct axially with the microphone; however, it 
was approximated by locating the microphone a t  
several stations along the duct. From these 
data, approximate curves of root-mean-square 
pressure amplitude against distance were obtained 
as shown in figure 9. The data indicate that a 
moderate amount of resonance was present; the 
maximum value of the standing-wave ratio was 
about 2.5 and occurred a t  98 cps. It may be 
concluded that each frequency used in the experi- 
ments corresponded closely to a resonant fre- 
quency of the duct. The fundamental frequency 
of the duct was 17 cps, corresponding to that of a 
34-foot-long pipe closed a t  both ends. This 
distance corresponds to that from the siren to the 
butterfly control valve, which constituted a closed 
end because the pressure ratio across the valve 
exceeded the critical value, and the flow through 
the valve was therefore sonic or choked. The 
frequencies used correspond2d to harmonics of 
the duct ranging from the second to the fortieth. 

2 3 4 5  6 7  
Distance from siren, f t  

FIGGRE 9.-Variation of root-mean-square pressure ampli- 
tude shoiving nodes and antinodes. 

At a given spacing between the rotor and stator 
of the siren, the pressure and velocity or flow 
rate amplitudes were functions of the mean flow 
rate. This dependence is shown in figure 10 where 

root-mean-square pressure amplitude and root- 
mean-square flow amplitude are plotted against 
mean flow rate for several frequencies. These 
data were taken a t  the test station. The varia- 
tion of the proportionality constant reflects the 
changing position of the test section with respect 
t'o nodes and antinodes as frequency was changed. 

2 4 6 8 1 0  

Mean flow rate, 7, Ib / (sq  f t ) ( s e c )  

FIGURE 10.--Variation of amplitude parameters with 
mean flow rate. 

The frequency dependence indicated by figure 
10 is illustrated in figure 11 where the two ampli- 
tude parameters are plotted against frequency a t  
an approximately constant value of the mean 
flow rate. The maximums and minimums shown 
indicate, as previously stated, the relation of the 
test section to nodes and antinodes in the wave. 
It was observed that the magnitude of the swings 
in amplitude diminished as frequency was in- 
creased and also that amplitude, in general, 
decreased. This is in accord with general knowl- 
edge of the frequency behavior of constant-energy 
sound. 

From the foregoing discussion it was concluded 
that the wave system set up in the duct was 
largely a traveling wave with a small standing- 
wave component. The largest value of the 
standing-wave ratio observed was approximately 
2.5 and occurred a t  98 cps. The wave was also 
essentially plane-fronted. This was deinonstrnted 
by locating two hot wires a t  the same axial station 
along the duct but at  different radial positions 
and observing that the two signals were super- 
imposable. 

HEAT TRANSFER WITHOUT SOUND 

The Nusselt-Reynolds number relation found 
without sound is shown in figure 12 for stations 2 
and 3. The length parameter in both dirnension- 
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frequency 

less numbers corresponds to the d i s t a n c e  meas- 
ured from the plate leading edge. The tendency 
of the data points in figure 12 to assume a hori- 
zontal grouping pattern is a consequence of the 
way the data were obtained and reflects the lesser 
degree of reproducibility of the velocity measure- 
ment compared with the tenipwature rneasure- 
ment. The data were taken before and after 
each series of experiments with sound to provide 
a check on the behavior of the plate. The data 
a t  each station were fitted by the method of least 
squares to the general equation of the form: 

I 

Nu,= BRey (12) 

The standard deviation in Nusselt number of the 
resulting expression was f 12, corresponding to a 
probable error of about 3.5 percent based 011 the 
average Nusselt number. The Prandtl number 
was treated as a constant in this work because of 
the small variation in temperature. The maxi- 

- 
pV-8.8. 

Nu, =O. 162 
~ 4 0 0  _ _ _  

I 2 4 6 8 1 0  

Reynolds  number, Re, 

FIGURE IP.-Heat transfer without sound. 

mum variation in the Prandtl number that could 
occur was less than 0.1 percent. 

HEAT TRANSFER WITH SOUND 

The data obtained by varying the rotor-stator 
spacing a t  a constant frequency of 46 cps are 
tabulated in table I and plotted in figure 13. 
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F I G U R E  13.-Concludrd. Heat transfer a t  4; cps for 
various rotor-stator spacings. 

The least-square curves obtained for the no-sound 
condition are also shown in figure 13 for com- 
parison. With sound, the Reynolds number was 
based on the tinie-averaged flow rate. The 
magnitude of the increase in Nusselt number with 
sound varied from about 3 percent a t  low Reynolds 
numbers to 60 percent at the highest Reynolds 
numbers. In  table I1 are tabulated the data 
obtained a t  various frequencies and fixed rotor- 
s tator spacing. The Nusselt-Reynolds number 
plot of these data closely resembles that, shown in 
figure 13. The variation of Xusselt number with 
frequency is shown in figure 14 a t  an approxi- 
mately constant value of the Reynolds number. 
Only one Reynolds number value is shown, but 
the results are typical of those a t  other Reynolds 

numbers. A comparison of figure 14 with figure 
11 shows that the variat,ion of Nusselt number 
with frequency follows the siime general trend as 
does the root-mean-square velocity amplitude 
with the exception of one or two frequencies. 

350 

5 
5 
$ 300 
n 

- - 250 
f 
3 z 

100 200 300 400 500 600 700 200; I I I 1 '  1 I I ' 1 ' 1  ' I 

Frequency, cps 

FIGURE 14.-Variation of Kusselt number with frcqrc.ncy. 

CORRELATION OF DATA 

The Kusselt numbers found in these experiments 
were larger than those predicted by the usual heat- 
transfer equations, even without sound. The 
reason for this result, in tlie absence of sound, is 
believed to be tlie high turbulence intensity (10 
percent) present compared with the 2 to 3 percent 
or less turbulence intensity generally encountered. 
Also, the data without sound did not follow the 
usuiil Reynolds number power dependency. b y  
correlation of tlie dilta then should reflect these 
observations. I t  was therefore decided to attempt 
to correlate the (h ta  by it relation of the form: 

where e is the turbulence intensity in the case of the 
reference flow. Wit'li sound, r becomes the ratio 
of the root-mean-square velocity or f o w  rate to 
the time-ibveraged flow rtite (pV), , , /x ,  which is 
analogous to the turbulence intensity. The 
Reynolds number WHS based on the time-averaged 
flow rate. As ti lower limit, when E approaches 
zero, it was assumed that the relation should 
reduce to the usual expression (ref. 17) for heat 
transfer in laminar flow given by 

where xL is the unheated starting length on the 
plate (the distimce from the leading edge of the 
plate to the first heater) and z is the distance from 
the leading edge to the point where heat transfer is 
measured. The term in brackets is a correction 
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factor to account for the delayed start of tile

thermal bounda,'y layer compared with the hydro-

dynamic boundary layer. For a Prandtl number

of 0.71 this equation reduces to

Nu_=0.415 Re_ _ (Station 2) (15)

and

Nux 0.379 R@ (Station 3) (16)

With these equations, the correlation expression
becomes

, -r - O. 5+ f,_(t)
.\ux [Jl (e) ]Re_ - (17)

where f,(e) also depends upon the station, and

the functions/_(¢),fi(e) are to be determined from

the experimental data.

The functions Z(e) and .f2(e) are shown in

figures 15 and 16, respectively. The former
varies inversely with _, while the latter varies

directly with _. The function/_(e) is given within

about 10 percent by the relations:

rite)=0.415 (10 -e'6'°72) (Station 2) (1S)

alia

J'_(_)=0.379 (10 -z75p''2) (Station 3) (19)

As indicated by the variation in slope, there

was a small additional dependency upon x-distance

or sial|on not accounted for in the starting-

length correction fat'tor. The function rite) is

given by the folh)wing relation for both stations:

:_(,)=0.6_a" (20)

:: l i-t r ft\ ! t I / / o Station

• i 0 Station

i!
.04

ii
°_; N

.008

I::Zlli Lili
0 .I .2 .3 .4 .5 .t= .7

= (PW)rms/_

FZC, URE 15. Coefficients of correlation expression.

(a) Station 2.

FIGURE 16. Exponents of correl,tlion expression.
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FIGURE 16. Concluded. Exponents of correlation

expression.

With these relations ferry(e) and.[2(_), the expres-

sion correlating both the data with and without

sound may be written

,Vu_=0.415 (10 -z_:72) Re° _+°'_'°_7

(Station 2) (21)

and

:Vu_=0.379 (10 -z _s,0.7:) ReO.S+o. _,o._,

(Station 3) (22)
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In  general form the expression may be written 
as 

314 -113 
Nu,=0.332 P T ~ ~ ~  [ 1 -(%) ] 

The results of the correlation are shown in 
figure 17 where the experimental Nusselt number 
with sound is plotted against the Nusselt number 
calculated from the empirical expressions (eqs. 
(21) and (22)) for both stations 2 and 3. 
Excluding the two pair of data points indicated, 
the standard deviation of the correlation was =t21 
in terms of the Nusselt number. The cor- 
responding probable error was 4.8 percent, or 
1.3 percent greater than the value obtained for 
the reference flow data. The increase may be 
accounted for, in part, by the error introduced 
by the graphical computation of ( p V ) , , , .  It 
may be concluded that the heat transfer does 
not depend on frequency over the range which 
frequency was varied. 

I O 0  2 00 400 600 800 1000 
Colculoted Nusselt number, NU, 

FIGURE 17.-Comisonpar of experimental and calculated 
Nusselt numbers for oscillating flow. 

SCHLIEREN STUDIES 

Experiments with conventional schlieren.- 
Figure 18 shows representative time-averaged 
schlieren photographs of the thermal boundary 
layer a t  a magnification of 3. The boundary 
layer shown by the schlieren techniques was 
detected only in the presence of heating. Refer- 

65396442-3 

LPosition o f  first 
heating element 

\ 

\ A - - B o u n d a r y - l o y e r  
\ thickness, S 

\ 
\ 

\ T 
Body of 

p late  

( 0 )  34 cps 
( b )  No sound 

C-59941 ( a )  ( b )  

FIGURE 18.-Time-averaged schlieren boundary-layer 
photographs. 

ences to boundary-layer measurements by the 
schlieren method, therefore, refer to the thermal 
boundary layer. By comparing the photographs 
at  the two flow conditions, it may be seen that 
the time-averaged boundary layer with sound 
is thinner than that without sound. With the 
aid of a microdensitometer, comparative values 
of the boundary-layer thickness a t  a constant 
value of the temperature gradient (i.e., the distance 
from the plate surface a t  which the temperature 
gradient reached a prescribed value) were 
measured at the different frequencies. The data 
so obtained are shown in figure 19 where the 
ratio 6,/6, of the thickness without sound to 
that with sound is plotted against frequency. 
The data indicate that the flow oscillations prcduce 
a net decrease in the thickness of the boundary 
layer. 

station 3 
Experimental 
Correlation equation 

1.5 

I .o 

% 100 200 300 400 500 600 700 
Frequency. cps 

FIGURE 19.-Comparison of variation of boundary-layer 
thickness and Nusselt number with frequency. 
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For comparison, the ratio Nu,,,/Nu,,, of the 
Nusselt number with sound to that without 
sound is also shown. The heat-transfer data are 
those of figure 14 for station 3, and curves for 
both the experimental Nusselt number and the 
value calculated by the correlation equation are 
shown. In  general, the two ratios, 6,/6, and 
Nu,.,/Nu,,,, follow the same trend with frequency. 
Thus, in agreement with theory, these results 
show that the Nusselt number yaried inversely 
with boundary-layer thickness. The generally 
lower values of the Nusselt number ratio compared 
with the values of the boundary-layer ratio may 
be accounted for by the fact that the former 
were obtained a t  a somewhat lower value of 
the mean flow ratte. The maximum difference 
in the two parameters was about twice the 
probable error of the heat-transfer correlation. 

I n  figure 20 are representative sequences from 
high-speed films of the thermal boundary layer a t  

Frome 

il 

FIGURE 

several flow conditions. The object in the photo- 
graphs below the leading edge of the plate is a 
lens that was taped to the outside surface of the 
lower window and was used for focusing purposes. 
The boundary layer in the reference flow is shown 
in figure 20(a). The layer is rather irregular 
and wispy in appearance. It appears to be 
broken up randomly into small tufts. At the 
outer edge of the layer, small fragments of these 
tufts were rapidly dissipated by the free-stream 
flow. I n  gross appearance, the layer tends to 
remain unchanged with time. 

Figure 20(b) shows a complete cycle of the 
boundary-layer flow at  148 cps. In  detailed 
appearance, the layer does not seem to differ 
appreciably from that in the reference flow. 
However, there was a large variation in appearance 
with time; with sound, flow reversal was observed 
in the boundary lnger at all frequencies. Flow 
reversal is shown in frames 1 to 10 of figure 20(b), 
in which the layer grows outward and in the up- 
stream direction on the plate. During reversal, 
fragments of the layer were dispersed in the free 
stream near the leading edge of the plate. By 
frame 17 the flow has started to accelerate in the 
downstream direction, and the thick layer formed 
during reversal is swept along with it. In place 
of the thick layer, a very thin layer was formed 
that is completely developed by frame 36 and 
appears to remain stable to about frame 48. As 
the flow decelerates, this new layer slowly yrows 
in thickness to frame 60 where flow reversal begins 
to appear again. 

A similar sequence is shown in figure 20(c) at 
98 cps, where flow reversal occurred in frames 1 
to 15. The flow has started to accelerate in the 
downstream direction a t  about frame 24 and 
continues t,hrough h m e  36. The 36 frames 
shown constitute about one-third of a complete 
cycle. 

Experiments with modified schlieren.-Becausc 
of experimental difficulty, discussed in the follow- 
ing paragraph, only a few tests were made with 
the ~nodifiod schlieren svstein, and these were 
made 011 an earlier modll of the plate that had 

I -  an elliptical leading edge. The results obtained 
will be discussed, however, for they illustrate 

( 0 )  some interesting facts. Referring to the sketch 
in figure 21, the magnitude ol the displacement of 
the image of the wire is proportional to the 
refractive index gradient or temperature gradient 

' t i  
(a) Reference flow. 

boundary layer. 
20.-High-speed schlieren photographs of 
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(h) 148-Cps oscillation. 
FIGURE L'O.--Continucd. High-spced schlieren photographs of boiliidnry 1:iyc.r. 

at the surface of the plate. The distance from 
the plate surface to the point where displacement 
&-st occurs is proportional to the boundary-layer 
thickness. Thus, the curve traced by the image 
of the wire is essentially that of the temperature 
gradient against distance through the boundary 
layer. The dlrection of the temperature gradient 
determines the direction of displacement of the 
image. 

When this technique wa.s applied to the study 
of the reference-flow boundary layer, good agree- 
ment was obtained a t  low flow rates, between the 
values of (dT/dy),,,, measured by the schlieren 
method and those calculated from the measured 
heat-transfer rate. The former value was obtained 
by extrapolating the temperature gradient to the 
value a t  the wall, while the latter was computed 
from the measured heat-transfer rate according to 

the relation y=-k(dT/dy),,,,. However, as 

the flow rate was increased, the agreement became 
progressively poorer so that, at the highest flow 
rat8e, the schlieren value was about one-third of 
the calculated value. The reason for this behavior 
was that, as the flow rate was increased, the 
boundary-layer thickness decreased, and the 
temperature gradient increased to such an extent 
that it was impossible to resolve the trace of the 
image of the wire on the film. Optical diffraction 
a t  the wire also interfered with resolution of the 
trace as did that a t  the surface of the plate. 

In  figure 21 are shown high-speed photographs 
obtained with the modified schlieren system for a 
complete cycle of the oscillation a t  148 cps and a 
mean flow rate of 0.5 pound per square foot per 
second. Close examination of these photographs 
reveals that the temperature gradient a t  the wall 
reaches a minimum value a t  about frame 20. At 
the same time the boundary layer reaches its 
maximum thickness. These results me shown 
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(c) 98-Cps oscillation. 

F I G ~ R E  20.-Concluded. High-speed schlieren photo- 
graphs of boundary layer. 

in figure 22 where values of dT/dy at  various 
y-distances and the boundary-layer thickness 
are plotted over a cycle of the oscillation. The 
values were obtained from smoothed plots of 
dTJdy against y-distance. The integrated average 
value of (dT/dy),,, a t  this low flow rate was in 
good agreement with that calculated from the 
heat-t,ransfer rate, the difference beinp about 5 
percent. 

The theoretical relations among the various 
parameters are given by the following equations: 

Since (dT/dy),,o was observed to vary over the 
period of an oscillation, it follows that the heat- 
transfer rate qcons also will vary. The data show 
also that 6, the boundary-layer thickness, varied 

Frame 

c-59945 

FIGL-RE 21 .-High-speed modified schlieren photographs 
of boundary layer in 148-cps oscillation. 

with time. 
difference AT' is given by 

From equation (24) the temperature 

(25) 

Values of AT', computed from equation (25) and 
plotted in figure 22, appear to be essentially 
constant. This may be seen more clearly in 
figure 23, where the values of AT'  are plotted 
against 6. The band defining the points is hori- 
zontal and thus establishes the relative constancy 
of AT'. Figure 23 also shows the variation of 
(dT/dy),,, with 116. The data are linear within 
the 10-percent scatter shown and thus agree 
with equation (25).  The average value of AT' 
given by the slope was about 55' F, while the 
experimental value indicated by the thermocouple 
measurement was 27.2' F. This indicates only 
that the temperature gradient was not linear 
through the boundary layer as assumed by equa- 
tion (25). 
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The results of the schlieren studies niag be 
su~iiniarized :is follows: 

(‘1) At a given flow condition, A T  n-as time- 
invrwiant. The parameters qcono, h, 6, arid 
(dT/tZy)y,o varied with time. 

( 2 )  For various flow conditions, the tiine- 
averagcd values of qconP and therefore (dT/dy),,, 
were cmstant if small changes in the conduction 
heat loss are neglected. The reason for this 
result is that the tcsts mere conducted with :I 

constant time-averqyl power input to the ribbons. 
The tinie-averagcd values of the paranieters h, 
A T ,  iiiid the tenipemture profile, or 6, all varicd 
with flow conditions. 

DISCUSSION OF RESULTS 

LUl the flows studied in these experiments werc 
characterized by  random perturbations or periodic 
oscillations about the mean or time-averaged 
flow rate. The niagnitude of the deviation from 
the inem flow rate was given by the parameter 

1 / 6 ,  in:‘ 

F J G ~ - R E  23.--Vari:ttion of iristant:tneous temperature pn- 
rarnc.tcv n ith instmtaneous boundary-layer thickness. 

t =  ( p V ) , m s / ~ .  For both kinds of flow, periodic 
and turbulent, an increasr in tlie heat-transfer 
coefficient was observed, compared with that 
predictrd from tlie mean flow rate according to 
trcccpted expressions in the literature for tlic flat 
plate. 

With the Rcynolds number in oscillating flow 
based 011  the tinie-averaged flow rate, increases ol‘ 
as much as 65 percent in the Xusselt number 
w ( w  obscrved during oscillations. For a similnr 
coinparisoil hascd on the  assumption of quwsi- 
s tead-  h:Lt transfcr, the increase was still larger. 
This inny  be readily seeii from the relations de- 
fining the two processes for averaging the flow 
rate. They are given by 

[is,” ( p T 7 ) ,  d t ]  2 tl (pV)l d t  for n 71 (26) 

whrre ( p V ) ,  is the instantaiieous flow rate and tlie 
left :mcl right ternis are the tinie-averaged and 
quasi-stcady values, respectively. The value of 
n describes tho dependence of the Xusselt number 
on flow rate and usually has the values 0.5 and 
0 8 for larniriar and turbulcnt flows, respectively. 

For the prcsent data, tlic value of n, obtained in 
the reference flow was 0.675, and this v‘ d 1 ue was 
used in the quasi-steady flow-averaging computa- 
tion. The quasi-steady Rcynolds number mas 
ahout S percent less than the corresponding 
linear time-averaged Reynolds number. Coni- 
pnrison of thr Susselt nuiiiber with oscillations 
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with the reference Nusselt number corresponding 
to the quasi-steady Reynolds number showed 
that the increase with oscillations was as much as 
74 percent. 

A comparison of the experimental data with the 
various flow pammeters revealed that the Nusselt 
number varied directly with the amplitude 
parameter E a t  a constant value of the Reynolds 
number. It was found that the data for both 
kinds of flow could be correlated by an expression 
of the form 

Nu,=f, (e) Re$ 

where both the coefficient and exponent were 
functions of E. Thus, there was no independent 
effect on the heat-transfer rate of either pressure 
amplitude or oscillation frequency that could not 
be explained by the root-mean-square flow 
amplitude. 

From the schlieren studies, it may be concluded 
that the temperature gradient or boundary-layer 
thickness was variable with time and also that 
the time-averaged values of these properties 
were influenced by the flow parameters to produce 
the heat-transfer results described by the correla- 
tion expression. The schlieren data also showed 
that flow reversal occurred in the boundary layer 
durmg a portion of each cycle. In  a similar study 
of the flat plate in oscillating flow, i t  was found 
that the oscillation amplitude had to exceed :L 
critical value in order to increase the heat- 
transfer rate (ref. 18). It was thought that this 
critical amplitude corresponded to that necessary 
to produce flow reversal. 

The most likely explanation for these results 
appears to be the interaction of the flow and 
temperature fields through the niechanisin of 
turbulence. The reasons for this assumption nre: 
(1) Tho correlation expression fitted the present 
experimental data both for periodic flows and 
turbulent flows; ( 2 )  the structure of the boundary 
layer was similar in appearance in tho two cases; 
and (3) the spectrum of turbulent energy nicwuretl 
for the reference flow revealed that virtually all 
this energy occurred in the same frequency rangc 
over which the oscillation frequency was varied. 
The similarity of turbulent Aows o n t l  oscillating 
Aows with regard to their effect. on the heat- 
transfer process has been Iiypothrsizccl in ref- 
erence 4. 

An expression for the Nusselt-Reynolds iiumber 
relation in fully dcveloped turbulent flow has 
been obtained in reference 19. The relation was 
derived from the expression previously obtained 
for the velocity profile in fully developed turbulent 
pipe flow in which the eddy diffusivity was 
evaluated (ref. 20). This expression does not 
predict the effect of turbulence intensity per se; 
however, with the Reynolds analogy and knowl- 
edge of the effect of turbulence on the velocity 
profile, i t  should be possible to predict the effect 
of turbulence intensity on heat-transfer rates. 

Y W a l l  dlstance parameter ,  y + ,  ____ 
rn 

P / P  

FIGURE 24.--Flat-platr velocity profiles (ref. 2 I )  

A search of the literature revealed only one 
study on the effect of free-stream turbulence 
intensity on velocity profiles for a flat plate 
(ref. 21). These velocity profiles are shown in 
dimensionless form in figure 24 for free-stream 
turbulence intensities of about 1 and 20 percent 
and at  :L Reynolds number Re, of 2X1O6. At t,he 
lower level of intensity, the data of reference 21 
compared favorably with thc “universal profile” 
obtained by Schultz-Grunow; however, a t  the 
higher level, a large deviation was observed, 
indicating that the profile was mucli flatter in 
tlie outer region of tlie boundary layer and, there- 
fore, steeper a t  the wall. 

These two profiles, faired as shown in figure 24, 
were used in the expression given by reference 
19 to estimate the effect of turbulence intensity 
on heat-transfer rates. Although the profiles 
were obtained for a flat plate, it was assumed that 
the relative effect would be similar even though 
the expression was derii-ed for pipe f l o ~ .  ‘ l ’h~ re- 
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sults so obtained indicated that the Kusselt 
number for a 20-percent turbulence intensity was 
about 60 percent larger than that for a 1-percent 
turbulence intensity. Thus, from analytical con- 
siderations and measured velocity profiles, it 
can be implied that heat-transfer rates increase 
with turbulence intensity in agreement with the 
observations of the present study. It has also been 
observed experimentally that the heat-transfer 
rates from a cylinder (e.g., refs. 22 and 23)  and 
from a flat plate (ref. 24) increase with increasing 
free-stream turbulence intensity. In  a more recent 
study of the flat plate, it was found that the heat- 
transfer rate increased with free-stream turbulence 
intensity only in the presence of a favorable pres- 
sure gradient (ref. 25). With a zwo pressure 
gradient, no effect other than an earlier transition 
to turbulent flow was observed with increasing 
free-stream turbulence ; however, the turbulence 
intensity was small, ranging from about 0.4 to 1.7 
percent. 

From the experimental relation given by 
equation (21) or (22), i t  is possible to generate 
curves of Nusselt number against Reynolds 
number a t  constant percentage E .  Typical curves 
are shown in figure 25 for station 2 a t  several 
values of E .  At the lower limit (E=O) the cor- 
relation gives the laminar-flow heat-transfer re- 
lation as shown. Experimental data were not 
obtained for values of E less than 10 percent, and 
thus the curves for 0 < ~ < 1 0  percent were obtained 
through extrapolation of the datu to the laminar- 
flow case as discussed in the section entitled 
LLCorrelation of Data.” The assumption made 
in the extrapolation was that the transition from 
laminar to turbulent flow mas continuous and not 
characterized by a sudden change. 

For comparison with the curves predicted by 
thc. correlation obtained in the present study, a 
curve, typical of the usual turbulent heat-transfer 
data found in the literature, is also shown in figure 
25. The curve was computed for station 2 from 
an empirical equation for the flat plate with un- 
heated starting length in turbulent flow (ref. 17). 

Since the Reynolds number range covered in 
this study was relatively small, it is uncertain how 
far the predicted curves maybe safelpextrapolated. 
For this reason, no particular significance is 
attached to the indications of possible crossover 
points occurring at various Re-molds numbers and 
turbulence intensi tics. 

FIGURE 25.-Nusselt-Reynolds number relation from cor- 
relation expression. Station 2.  

Provided that the turbulence intensity were 
known, the present correlation could predict the 
reference curve shown in figure 25. Unfortunately, 
this parameter has not generally been determined 
in heat-transfer studies. The trend shown in 
figure 25 for the reference curve compared with 
that predicted by this study requires that the 
turbulence intensity increase with Reynolds num- 
ber or flow rate (i.e., the level of turbulence gener- 
ated in wind-tunnel flow should increase with flow 
velocity). Such a trend is shown by the data of 
reference 26, where for extremely low intensities 
the turbulence intensity mas observed to increase 
about tmo€old as the mean velocity was increased 
from 30 to 120 feet per second. Although the 
niaxinium increase in Nusselt number due to oscil- 
lations found in  the present experiment was only 
about 65 percent, it should be noted again that the 
reference flow, on which this comparison is based, 
was highly turbulent; and because of this turbu- 
lence level the resulting heat-transfer rate is 
therefore believed to be larger than would ordi- 
narily occur. 

The trends predicted by the correlation of the 
data presented have indicated the importance of 
the level of turbulent energy or its equivalent, the 
root-mcan-square flow amplitude, in determining 
heat-transfer rates. The more complicated second- 
order phenomena (refs. 1 and 2) that have 
been suggested in the past to explain the effects 
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of sound waves on heat-transfer rates appear to be 
unnecessary in the present work. 

SUMMARY OF RESULTS 

The following results mere obtained froni the 
experimental study of the heat transfer from a flat 
plate to an airstream having large-amplitude A om 
oscillations or a high degree of free-stream turbu- 
lence: 

1. The heat-transfer coefficient was increased 
by as much as 65 percent with oscill‘ t ’  ions com- 
pared with the coefficient without oscillations. 
The reference flow on which this comparison is 
based was highly turbulent (10-percent turbulence 
intensity), and it is believed that for this reason 
the resulting hmt-transfcr Coefficient is larger than 
that ordinarily obtained iii turbulent flows. 

2. An empirical correlation of the dikta was 
obtained for constant Praiidtl number in the form 
Nu,=J1(E)Re$‘” wherc .f1(c) and .f; (e) are both 
functions of the ratio of thc root-mean-square flow 
rate to the tiine-averaged flow ratc, and hTu, and 
Re, are the Nusselt and Reynolds numbers, respcc- 
tively. This expression correliited the cla t:i lor 

turbulent flow as well as oscillating flow. At the 
lower limit, for no flow fluctuation, the expression 
reduces to that for laminar flow. 

3.  Over the frequency range (34 to 680 cps) 
studied, no effect of frequency was observed that 
could not be explained by consideration of other 
parame ters. 
4. Schlieren studies of the boundary layer re- 

vealed that flow reversal occurred near the wall 
a t  all frequencies during a part of the period of 
oscillation. Time-averaged schlieren measure- 
ments of the boundary-layer thickness showed 
tha t  the thickness decreased in proportion to the 
increase in heat-transfer coefficient. From high- 
speed motion pictures of the boundary layer, 
obtiLinrd with a modified schlieren system, i t  was 
found that the gradient of the temperature or the 
temperature profile varied in a periodic manner. 

5 .  The hea t - t rnnsfer  data obtained with f l o ~  
oscillations appear to support a turbulence mecha- 
nisni its the reason for the increased heat-transfer 
coefficicn t. 
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TABLE I.-HEAT-TRANSFER-AMPLITUDE DATA 

[Frequency, 46 cps.] 

188 
282 
374 
475 
364 

Rotor-stator 
spacing, in. 

2. 513x 104 
4. 90 
6. 34 
7. 21 
6. 44 

1 0. 004 

159 
257 
315 
375 
306 

0.010 

0.020 

I 0. 050 

Station 2 Station 4 I e=- (PQms, 

NU, 
PV 

percent 

57. 0 1 527 

184 %: 8 1 279 
53. 4 374 
57. 4 453 

49. 6 1 179 
267 

54. 0 
53. 8 
57. 6 340 

30. 3 170 
37. 1 268 
41. 1 
39. 7 
40. 3 

Re, i--- A'ni, 

7. 78 1 503 

2. 85X lo4 
4. 80 
6. 84 
7. 39 
2. 98 
4. 58 
6. 42 
7. 45 
6. 17 

2. 7 8 x  104 
4. 61 
5. 85 
7. 32 
5. 91 

168 
266 
358 
443 
173 
274 
358 
473 
349 

166 
257 
327 
433 
326 

Re, 

4. 16x104 
5. 82 
8. 66 
8. 15 

10.18 

3. 73X 10' 
6. 28 
8. 95 
9. 68 
3. 90 
6. 00 
8. 41 
9. 75 
8. 07 

3. 5 8 x  104 
6. 03 
7. 66 
9. 58 
7. 74 

3. 35X lo4 
6. 41 
8. 30 
9. 44 
8. 42 
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TABLE 11.-HEAT-TRANSFER-FREQUEYCY DATA 

[Rotor-stator spacing, 0.004 in.] 

Frequency, cps 

34 
46 
98 

148 
210 
270 
427 
472 
540 
580 
680 

34 
46 
98 

148 
210 
270 
427 
472 
,540 
580 
680 

34 
46 
98 

148 
210 
270 
427 
472 
580 
680 

34 
46 
98 

148 
210 
270 
472 
.580 
680 

(oV)rms  Station 2 Station 3 \. , e=-, 

percent p v  I Nu, 

53. 5 
59. 9 
43. 6 
47. 8 
30. 8 
45. 6 
35. 6 
42. 7 
28. 4 
34. 8 
40. 0 

57. 5 
60. 0 
46. 0 
55. 1 
34. 0 
59. 8 
41. 1 
51. 9 
34. 0 
45. 7 
44. 4 

59. 0 
61. 3 
48. 7 
58. 2 
35. 9 
53. 0 
42. 4 
56. 6 
*51. 0 
.50. 5 

60. 6 
61. 6 
47. 6 
60. 4 
35. 3 
,55. 5 
56. 1 
54. 4 
49. 9 

200 
218 
173 
188 
175 
170 
174 
185 
179 
178 
179 

276 
308 
262 
283 
256 
240 
238 
254 
230 
223 
23 1 

366 
411 
334 
401 
366 
332 
314 
325 
290 
294 

437 
505 
378 
524 
481 
411 
374 
328 
342 

3.24X104 
3. 54 
3. 14 
3. 32 
3. 03 
3. 03 
2. 79 
3. 15 
3. 16 
3. 00 
2. 85 

4. 81 
4. 75 
4. 49 
5. 26 
4. 19 
4. 07 
4. 35 
4. 59 
4. 65 
4. 67 
4. 61 

6. 4.5 
6. 34 
5. 4 8  
6. 62 
5. 4.5 
5. 39 
5. 51 
5. 08 
5. 47 
5. 29 

7. 54 
7. 28 
7. 28 
8. 28 
7. 02 
7. 44 
;: ;; 
6. 85 

187 
202 
157 
168 
164 
160 
166 
175 
169 
167 
167 

260 
293 
240 
273 
241 
225 
228 
247 
218 
218 
223 

348 
394 
313 
390 
361 
325 
319 
333 
304 
311 

405 
478 
358 
512 
443 
409 
393 
3.52 
382 

lie, 

4 . 2 4 ~  104 
4. 63 
4. 11 
4. 35 
3. 97 
3. 97 
3. 65 
4. 12 
4. 14 
3. 92 
3. 73 

6. 30 
6. 22 
5. 87 
6. 88 
5. 87 
5. 33 
5. 69 
6. 00 
6. 07 
6. 11 
6. 04 

8. 45 
8. 28 
7. 17 
8. 66 
7. 12 
7. 04 
7. 22 
6. 65 
7. 15 
6. 92 

9. 83 
9. 52 
9. 52 

10. 83 
9. 18 
9. 72 
9. 82 
9. 15 
8. 96 
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